This study aims to investigate the activities and expression of enzymes of primary metabolism and relate these data with the growth performance of three different durum wheat genotypes (Maali; YT13; and ON66) under osmotic stress. Growth traits-including plant height, dry weight (DW) and relative water content (RWC)-were measured to classify genotypes depending on their tolerance to stress. Several enzymes were investigated: Ascorbate peroxidase (APX), Glutamine Synthetase (GS), Glutamine dehydrogenase (GDH), Glutamate synthase (GOGAT), Glucose 6-phosphate dehydrogenase (G6PDH), and Phosphoenolpyruvate Carboxylase (PEPC). The expression of the cytosolic and plastidic glutamine synthetase (TaGS1 and TaGS2), high affinity nitrate transporters (TaNRT2.3) and Glutamate dehydrogenase (TaGDH) were also detected by qRT-PCR. The results indicated different growth performances among genotypes, indicating Maali and YT13 as tolerant genotypes and ON66 as a drought-susceptible variety. Data showed a decrease in PEPC and increase in APX activities under osmotic stress; a slight decrease in GS activity was observed, together with an increase in G6PDH in all genotypes; GS and NRT2 expressions changed in a similar pattern in the different genotypes. Interestingly, Maali and YT13 showed higher transcript abundance for GDH under stress compared to ON66, suggesting the implication of GDH in protective phenomena upon osmotic stress.
Introduction
Drought is considered as the most limiting environmental factor affecting plant growth and productivity; this is particularly true considering the consequences of global warming and climate change. Thus, breeding for drought tolerance is a main objective for plant and cereal breeders.
In the Mediterranean region, durum wheat (Triticum turgidum ssp durum) constitutes the main crop to ensure food [1] . The comprehension of drought tolerance mechanisms in durum wheat, and its ability to cope with abiotic stresses, is of wide interest for researchers. Water scarcity causes stomata closure, which in turn decreases transpiration and limits water loss; these phenomena also inhibit
Materials and Methods

Plant Material, Growth Conditions and Measurements
Durum wheat (Triticum turgidum ssp durum) genotypes with different tolerance levels to drought stress were grown in hydroponics under controlled conditions. The genotypes have different origins: YT13 and ON66 were lines provided from the International Center for Agricultural Research in the Dry Areas (ICARDA) (chosen from previous screening works, data not shown); and Maali, a Tunisian-improved genotype well-known as drought tolerant.
Seeds were sterilized in sodium hydrochloride and germinated in Petri dishes for 5 days until the emergence of the first leaf. Then seedlings were transplanted into perforated PVC plates (three seedlings per hole). The plates were placed on plastic tanks containing Yoshida nutritive solution [28] . Two tanks were used: one for the control and the second for the osmotic stress. The experiment was conducted in a controlled growth chamber where growing conditions were: temperature 25/19 • C, photoperiod of 16h light/8h dark, and relative humidity 65%. After 5 days of acclimation, osmotic stress was applied by adding progressively (every 3 days) the polyethylene glycol 6000 (PEG) to the medium; a control group of plants was maintained in standard growth medium (no PEG). The first concentration of the PEG was 6% and reached finally 24% at day 14. Each PEG concentration corresponds to a specific osmotic pressure in the nutritional medium that imposes an osmotic stress in the plants ( Supplemental  Table S1 ) [22] . Seven days after the last PEG addition, leaves' samples were taken and utilized to assess different traits: Relative Water Content (RWC), plant height and fresh and dry shoot weights. Leaf samples were collected, grinded in liquid nitrogen and stored at −80 • C for biochemical and molecular measurements. The statistical design used was a complete randomized design. Three replicates were used for all traits.
The height of plants was measured at sixth leaves stage, fresh weights were recorded, and then samples were dried at 65 • C for 48 hours for the determination of dry weight.
Relative Water Content (RWC)
Fully-developed leaves were used for the measurements of RWC according to [29] :
where FW is leaf fresh weight, SW is the saturated weight (weight measured at turgidity) and DW is the dry weight of the same sample.
Measurement of Water-Soluble Carbohydrates (WSC)
The WSC content was quantified according to Ref. [30] ; 100 mg of grinded frozen leaves were used for WSC determination. Total carbohydrates were extracted in ethanol/water 80:20 at 60 • C. The quantification of WSC was carried out using the acid anthrone reagent (0.2%) by reading Abs 640nm using a spectrophotometer (GENESYS TM 10S UV-VIS, Thermo Fisher, Waltham, MA, USA). A calibration curve was prepared using glucose as the standard.
Enzymatic Assays
All enzymatic activities were extracted from 300 mg of leaf tissue in 600 µL of given buffers, clarified by centrifugation (10 at 10,000× g, 4 • C, Beckman Allegra centrifuge, Brea, CA, USA) and assayed according to references given using a UV/VIS spectrophotometer (Cary 60-Agilent Technologies, Santa Clara, CA, USA), except when otherwise noted.
Ascorbate Peroxidase (APX) activity was extracted in 50 mM KH 2 PO 4 , 2% PVPP, 0.1 mM EDTA, and pH 7.6. The reaction mixture contained 30 mM KH2PO4 buffer, 0.1 mM EDTA, 0.5 mM Na-Ascorbate, and 0.06% H2O2 and enzyme rate calculated by monitoring the ascorbate peroxidation at 200 nm [31] .
Glucose-6-Phosphate Dehydrogenase (G6PDH) activity was extracted in 50 mM Tris-HCl, 0.5 mM MgCl 2 , 4 mM EDTA, 10% glycerol, 15 µM NADP + , and 10 µL/30 gr Protease Inhibitor Cocktail (Sigma P9599). The reaction mixture contained 10 to 100 µL of extract in the assay mixture: 50 mM Tris-HCl, 5 mM MgCl 2 , 0.15 mM NADP + , and 3 mM glucose-6P [32, 33] .
Phosphoenolpyruvate Carboxylase (PEPC) activity was extracted in 50 mM KH 2 PO 4 pH 8.1, 2% PVPP, 2 mM EDTA, 2.5 mM MgCI 2 , and 20% (v/v) glycerol. PEPC was detected measuring NADH oxidation in the coupled assay with malic dehydrogenase according to Ref. [20] .
Glutamine Synthetase (GS) activity was extracted by homogenizing 100 mg of fresh leaves in 1 mL of buffer [50 mM KH 2 PO 4 , pH 7.6, 2 mM EDTA-Na, 2 mM of DTT, and 1% of PVPP]. The reaction was initiated by adding 200 µL of extract to the assay mixture containing 50 mM imidazole, 50 mM L-Glutamine, 2 mM hydroxylamine, 2 mM sodium arsenate, 2 mM MnCl 2 , and 0.16 mM of ADP in a total volume of 1 mL. After incubation for 10 and 20 minutes, the reaction was stopped by adding 1 mL of stop mix containing 2.42% FeCl 3 , 1.45% trichloro-acetic acid and 1.82 N HCl. After centrifugation in a benchtop centrifuge at 5000× g, the absorbance was read on the supernatant at 540 nm [34] .
Glutamine Dehydrogenase (GDH) activity was extracted as for GS. The enzyme rate was measured in 100 mM KH 2 PO 4 pH 7.6, 200 mM NH 4 (SO 4 ) 2 , 0.15 mM NADH, and 2.5 mM Na-oxoglutarate, by reading the absorbance at 340 nm according to Ref. [35] .
Glutamate Synthase (GOGAT) activity was extracted as for GS and measured according to Ref. [36] in the following order: [100 mM KH 2 PO 4 pH 7.6, 19 mM α-KGA, 15 mM ammonium acetate, 0.15 mM NADH, and 75 mM L-Glutamine].
Proteins Determination and Immunoblotting
Proteins were extracted as described in the extraction protocol for activity determination of different enzymes by Coomassie blue method. Immunoblots were obtained by leaf extract to determine the occurrence for HSP70, PEP, GS, and GOGAT using specific antibodies.
Proteins were separated using SDS Gel and then transferred on a nitrocellulose membrane as previously described [17, 37] . Filters were incubated with the specific antibodies and reacting polypeptides were revealed by enhanced chemiluminescence using the ECL Prime Kit (Ge Healthcare, Chicago, IL, USA) or (WesternBright Quantum kit-Advansta, San Josè, CA, USA). Images were acquired by BioRad Chemidoc system and detected using Bio-Rad Chemidoc XRS equipped with Image Lab software.
RNA-Extraction and Real Time Q-RT-PCR
Total RNA was extracted from 100 mg of frozen leaves using TRizol reagent (Life Technologies) following the manufacturer's instructions, and cDNA was synthesized from 1µg of RNA using the Quantitech ® RNA reverse transcription kit (Qiagen, Hilden, Germany). cDNA was diluted and 1 µL was used for qRT-PCR assays, performed using 7500 HT (Applied Biosystems, Foster City, CA, USA) and platinum SYBER Green qPCR SuperMix (Life Technologies, Carlsbad, CA, USA); 40 amplification cycles were repeated for each sample. Actin was the endogenous reference. Quantification of transcript abundance was done using the 2-∆∆CT as described [38] .
Bioinformatics Analyses
Primer sequences of GS1, GS2, GDH, and NRT2 genes were retrieved in the NCBI database (https://www.ncbi.nlm.nih.gov/). Primers were designed by comparison of the sequences of the Triticum aestivum genes and EST sequences accessed at the National Center for Biotechnology Information Blast page and using Primer 3 software. Wheat actin gene was used as a reference for normalization of expression data.
Sequences and names of primer pairs used for Real time PCR are listed in Supplementary Table S2 .
Agronomy 2019, 9, 550 5 of 15
Statistical Analysis
Data were subjected to factorial ANOVA test analyzed using R software (R × 64 3.5.2). The variance analysis was performed using the AOV procedure of R to assess the effects of osmotic stress, genotype and their interaction on traits. The significance of each factor was explained according to p-values. Significance thresholds are: *, ** and *** significant at p < 0.05, p < 0.01 and p < 0.001 respectively. Means were compared by least significant difference (LSD) test (p < 0.05), using the LSD procedure of R. The treatments with the same letter are not significantly different.
Results
Impact of Osmotic Stress on Growth, RWC and WSC
The osmotic stress induced by PEG-6000 was evaluated in three durum wheat genotypes. After 24 days of growth, plants show different growth and appearance (Supplemental Figure S1 ).
As shown in Figure 1 , the osmotic stress negatively affected all growth traits and the RWC during seedling stages. Under control conditions, Maali, ON66 and YT13 showed different shoot development and biomass production. Osmotic stress did not significantly affect plant height in Maali, while significant reductions in both YT13 and ON66 were observed, albeit higher in this latter genotype (5.58% and 26%, respectively) ( Figure 1A) . Similarly, DW decreased by 15% and 30% in Maali and YT13, respectively; the decrease was sharper in ON66 with a reduction rate of 60% ( Figure 1B ). Accordingly, ON66 was more susceptible to osmotic stress with respect to Maali and YT13, as its growth was more limited by osmotic stress. The RWC was reduced by osmotic stress in all genotypes, more evidently in Maali than ON66 and YT13 ( Figure 1C ). 0.001 respectively. Means were compared by least significant difference (LSD) test (p < 0.05), using the LSD procedure of R. The treatments with the same letter are not significantly different.
Results
Impact of Osmotic Stress on Growth, RWC and WSC
As shown in Figure 1 , the osmotic stress negatively affected all growth traits and the RWC during seedling stages. Under control conditions, Maali, ON66 and YT13 showed different shoot development and biomass production. Osmotic stress did not significantly affect plant height in Maali, while significant reductions in both YT13 and ON66 were observed, albeit higher in this latter genotype (5.58% and 26%, respectively) ( Figure 1A) . Similarly, DW decreased by 15% and 30% in Maali and YT13, respectively; the decrease was sharper in ON66 with a reduction rate of 60% ( Figure  1B ). Accordingly, ON66 was more susceptible to osmotic stress with respect to Maali and YT13, as its growth was more limited by osmotic stress. The RWC was reduced by osmotic stress in all genotypes, more evidently in Maali than ON66 and YT13 ( Figure 1C ). A noticeable increase was observed in both WSC (58%) and FW (70%) under osmotic stress ( Table 1 ). ANOVA analysis showed that the interaction (G × T) was significant only for Height (p < A noticeable increase was observed in both WSC (58%) and FW (70%) under osmotic stress (Table 1 ). ANOVA analysis showed that the interaction (G × T) was significant only for Height (p < 0.01), Dry weight (DW) (p < 0.001) and Relative Water Content (RWC) (p < 0.05). Fresh weight (FW) (p < 0.001) and Water-Soluble Carbohydrates (WSC) (p < 0.05) were significantly affected by treatment. Table 1 . Genotype and treatment effects on Plant Height (Height), Fresh weight (FW), Dry weight (DW), relative water content (RWC), and Water-soluble Carbohydrates (WSC) of durum wheat genotypes grown under osmotic stress. In the lower panel, the ANOVA analysis is given. Legend: G, genotype; T, Treatment, *, **, *** significant at p < 0.05, p < 0.01 and p < 0.001 respectively. 
Height
Impact of Osmotic Stress on Enzymes Involved in Nitrogen Metabolism
In order to define the involvement of nitrogen metabolism and reductant supply in durum wheat under drought, GS, GDH, GOGAT, and G6PDH activities were determined.
According to statistical analysis, the genotype effect was meaningful (p < 0.05) only for GS activity. For other enzymes, the difference between tested genotypes was not statistically significant. The effect of osmotic stress was highly significant (p < 0.001) only for PEP carboxylase activity. The variance was not significant in other enzymes. The interaction of G × T was significant for PEP carboxylase only (p < 0.05) ( Table 2) .
GS activity was slightly reduced by osmotic stress in Maali (22%) and remained substantially unchanged in YT13 (+15%) and ON66 (10% of reduction) (Figure 2A) .
GOGAT activity increased in YT13 (+72%) and ON66 (+82%) under osmotic stress; on the contrary, GOGAT activity in Maali remained substantially unaffected ( Figure 2B) .
GDH activity was reduced in YT13 (19%) and ON66 (41%), but considerably increased in Maali (three-fold) ( Figure 2C) .
Interestingly, G6PDH activity increased in all genotypes: over two-fold in Maali and ON66, +30% in YT13 ( Figure 2D ). Table 2 . Genotype and treatment effects on genes expression (GS1, GS2, GDH, and NRT2) and enzymes activities (PEPC, APX, GS, and G6PDH) of three durum wheat genotypes grown under osmotic stress. In the lower panel, the ANOVA analysis is given. Legend: G, genotype; T, Treatment, *, **, *** significant at p < 0.05, p < 0.01 and p < 0.001 respectively.
GS1
GS2 GDH NRT2 PEPc Activity APX Activity GS Activity G6PDH unchanged in YT13 (+15%) and ON66 (10% of reduction) (Figure 2A) . GOGAT activity increased in YT13 (+72%) and ON66 (+82%) under osmotic stress; on the contrary, GOGAT activity in Maali remained substantially unaffected ( Figure 2B ).
Genotypes
Interestingly, G6PDH activity increased in all genotypes: over two-fold in Maali and ON66, +30% in YT13 ( Figure 2D ). 
Changes in Antioxidant Enzymes
The activities of antioxidant enzymes under osmotic stress were measured in durum wheat leaves, and the results are presented in Figure 3 . APX activities were induced by osmotic stress in all genotypes; interestingly, Maali (114%) and YT13 (194%) tolerant genotypes showed a higher increment of the constitutive activity; the susceptible genotype (ON66) showed a 73% increase in APX activity under stress ( Figure 3A) . The activities of antioxidant enzymes under osmotic stress were measured in durum wheat leaves, and the results are presented in Figure 3 . APX activities were induced by osmotic stress in all genotypes; interestingly, Maali (114%) and YT13 (194%) tolerant genotypes showed a higher increment of the constitutive activity; the susceptible genotype (ON66) showed a 73% increase in APX activity under stress ( Figure 3A) .
In contrast, PEPC activity decreased in all genotypes; the rate of reduction was similar, 27%, 24% and 29% for Maali, ON66 and YT13 respectively ( Figure 3B ). 
Immunoblots of HSP70, PEPC, GS and Fd-GOGAT
Immunoblotting analyses using specific antisera against HSP70s, Fd-GOGAT, GS, and PEPC were done in order to define proteins' occurrence and to compare to the enzymatic activities ( Figure  4) .
Osmotic stress caused small changes in HSP70 expression in all genotypes. Fd-GOGAT decreased in YT13 and increased in ON66; no major changes were observed in Maali. In contrast, PEPC activity decreased in all genotypes; the rate of reduction was similar, 27%, 24% and 29% for Maali, ON66 and YT13 respectively ( Figure 3B ).
Immunoblotting analyses using specific antisera against HSP70s, Fd-GOGAT, GS, and PEPC were done in order to define proteins' occurrence and to compare to the enzymatic activities (Figure 4) . 
Osmotic stress caused small changes in HSP70 expression in all genotypes. Fd-GOGAT decreased in YT13 and increased in ON66; no major changes were observed in Maali.
Immunoblotting for both GS1 (cytosolic) and GS2 (chloroplastic) isoforms showed a decrease under osmotic stress in the three tested genotypes. Similarly, PEPC protein expression decreased in all genotypes and particularly in Maali and YT13. Osmotic stress caused small changes in HSP70 expression in all genotypes. Fd-GOGAT decreased in YT13 and increased in ON66; no major changes were observed in Maali.
Immunoblotting for both GS1 (cytosolic) and GS2 (chloroplastic) isoforms showed a decrease under osmotic stress in the three tested genotypes. Similarly, PEPC protein expression decreased in all genotypes and particularly in Maali and YT13.
Differential Gene Expression in Osmotic Stressed Genotypes
Expression of GS1, GS2, GDH, and NRT2 genes were investigated by qRT-PCR analysis. Results showed a significant decrease in GS1 and GS2 expression in all tested genotypes under osmotic stress. GS1 (cytosolic isoform) expression decreased similarly (55-65%) in all genotypes ( Figure 5A ). GS2 (chloroplastic isoform) decreased by 58 to 85% upon osmotic stress also in all tested genotypes ( Figure 5B ). NRT2 expression slightly reduced in all genotypes ( Figure 5C ).
Interestingly, the GDH gene did not show the same expression under stress: in Maali and YT13, the GDH expression showed an increase by 121% and 340% respectively, whereas ON66 showed a strong decrease in GDH expression under osmotic stress ( Figure 5D ).
showed a significant decrease in GS1 and GS2 expression in all tested genotypes under osmotic stress. GS1 (cytosolic isoform) expression decreased similarly (55-65%) in all genotypes ( Figure 5A ). GS2 (chloroplastic isoform) decreased by 58 to 85% upon osmotic stress also in all tested genotypes ( Figure 5B ). NRT2 expression slightly reduced in all genotypes ( Figure 5C ).
Interestingly, the GDH gene did not show the same expression under stress: in Maali and YT13, the GDH expression showed an increase by 121% and 340% respectively, whereas ON66 showed a strong decrease in GDH expression under osmotic stress ( Figure 5D ). 
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Osmotic stress was associated with differential effects on growth. In order to simulate drought in hydroponics in vitro, we induced osmotic stress by Polyethylene Glycol 6000 (PEG), which has 
Discussion
Differential Growth Performance of Durum Wheat Genotypes under Osmotic Stress
Osmotic stress was associated with differential effects on growth. In order to simulate drought in hydroponics in vitro, we induced osmotic stress by Polyethylene Glycol 6000 (PEG), which has been proven to be effective modus for investigating the effects of drought at different seedling stages, and it is considered a simple and rapid method to discriminate between genotypes within a short period [26] .
Growth traits, such as shoot length and biomass, were typically used as selection criteria to select for drought tolerance in wheat [39] .
During seedling stages, osmotic stress negatively affected all growth traits and the RWC. It is well known that water deprivation leads to photosynthesis limitation resulting from stomata closure; as a consequence, growth is inhibited, leading to dry biomass and height reduction [40, 41] .
In this study, durum wheat genotypes grown in hydroponics under osmotic stress showed differential behaviors depending on their differential drought tolerance levels, Maali being the most tolerant, followed by YT13 and ON66 as the most susceptible. The tolerant genotypes (Maali and YT13) were able to maintain growth, metabolism and efficient water use under stress, while ON66 was not.
These results suggest that plant stress response represents a complex and highly dynamic process aimed to maintain a normal performance under unfavorable conditions. Therefore, the apparent effects of water stress can hide consistent changes at the physiological and biochemical level, basically disturbing the relationship between sink and source plant organs.
These drought-responsive mechanisms include gene expression regulation, reactive oxygen species scavenging, carbohydrates metabolism, and nitrogen metabolism [42, 43] .
The GS-GOGAT Pathway Is Impacted by the Osmotic Stress
The activity of GS, the abundance of corresponding mRNA and polypeptide contents were monitored in leaves of the three genotypes under osmotic stress. Changes in GS activity and expression (TaGS1 and TaGS2) underline the effect(s) of osmotic stress on nitrogen metabolism, which could be identified as the main reason for biomass reduction [43] . It has been proved that during water deficit, wheat shows a considerable decline of both abundance and activity of GS2 in the youngest leaves [44] . It has recently been shown that GS could be designated as a good metabolic indicator of drought stress tolerance in wheat. Indeed, tolerant wheat genotypes exhibited higher GS activity and higher transcript abundance of both GS isoforms in comparison with susceptible varieties [8] . On the other hand, drought stress led to a severe decrease in the GS enzyme in susceptible wheat cultivars [45] . Our results on TaGS1 and TaGS2 expressions confirmed these data: both genes were down-regulated under stress conditions. The similar changes observed in all genotypes studied suggest that GS could not be discriminating for drought tolerance among different genotypes.
GS activity in the present study remained unchanged in ON66 and YT13 and was slightly reduced in Maali. The GS-GOGAT pathway, implying two key enzymes (GS and GOGAT), is heavily affected by water deprivation [43] . Immunoblottings showed a considerable abundance of GS2 isoform compared with GS1, regardless of the growth conditions ( Figure 5D ), which is an accordance with previous findings [8] . Correspondingly with transcriptomic results, GS protein abundance decreased under drought. Interestingly, Maali showed higher levels of GS2 under stress in comparison with other genotypes, in spite of a reduced TaGS2 transcript abundance. However, mRNA levels are not always strictly correlated with the protein abundances and functions in cells, due to post-translational modifications [43] . GS2 has been found to be associated with the maintenance of photosynthetic and photorespiratory efficiency [46] ; thus, the higher abundance of GS2 isoform in Maali could explain its better growth under osmotic stress.
NADH-GOGAT activity slightly rose in YT13 and ON66 but remained unchanged in Maali. Interestingly, Fd-GOGAT levels followed the same behavior except in YT13.
Antioxidant Enzymes Activities Increased upon Osmotic Stress
Under drought, photosynthesis limitation induces the accumulation of Reactive Oxygen Species (ROS) which act as signaling molecules activating plant responses to abiotic stress. This starts cell detoxification machinery in order to protect the plant from oxidative damage. Antioxidant enzymes increased considerably under stress conditions [47, 48] and were reported to confer drought tolerance to plants. This involves a set of scavenger enzymes such as Ascorbate Peroxidase (APX), Glutathione Peroxidase (GPX), Superoxide Dismutase (SOD), and others [49] [50] [51] .
It has been shown that the over-expression of the APX gene (OsAPX2) in rice resulted in more tolerant plants when compared with wild types under different abiotic stresses [52] . Our findings revealed that APX activity was considerably increased under osmotic stress in all genotypes (Figure 4) . Maali, ON15 and YT13 showed similar APX activities, suggesting that all these varieties similarly regulate this activity under stress. Downstream ROS scavenging system, G6PDH, could represent a major reductants supplier for ROS-detoxifying machinery under stress [16] . In this study, G6PDH activity increased under drought in all three genotypes. An interesting increase in YT13 ( Figure 3D ), higher than Maali and ON15, suggests the involvement of G6PDH in enhanced stress adaptation observed in YT13.
Other enzymes are affected by abiotic stress; it has been proven that PEPC in C3 plants mainly participates in the NADPH recycling mechanism and carbon metabolism [53] . Differently from APX and G6PDH, PEPC activity and abundance were decreased by osmotic stress [54] at a similar extent in the three genotypes.
It should be underlined that no major difference was observed among different varieties; therefore, the effects of drought on APX, G6PDH and PEPC cannot be clearly related to different stress tolerance in different varieties.
Differential Biochemical Behaviors of the Three Genotypes GDH Activity and Transcript Abundance
Drought severely affects nitrogen metabolism in plants, and activities of key enzymes may be regulated in order to confer tolerance to abiotic stress. Among these, GDH plays a protective role, acting as an alternative to the GS-GOGAT cycle under stress conditions. GDH catalyzes the assimilation of ammonia into glutamate and de-amination of glutamate to form 2-oxoglutarate and ammonium [35] . The amination detoxifies plants from the high intracellular accumulation of ammonium, whereas de-amination action sustains carbohydrates metabolism [15] . Previous studies have shown that genotypes differentially respond to drought by an enzyme activity decrease [55] or increase [47, 56] . Increased GDH activities have been associated with better tolerance to drought in wheat [57] ; similarly, GDH over-expression confers drought tolerance in rice [58] and maize [59] .
Our findings demonstrated an increase in GDH gene expression in Maali and YT13. The enzyme activity was also subject to a substantial increase in Maali while it decreased in ON66. It is noteworthy that Maali and YT13 resulted as the most tolerant genotypes according to growth response to osmotic stress. Consequently, we suggest that GDH contributes to the drought tolerance of these genotypes, probably through improvement in N-assimilation and consequently a better adaptation of the photosynthetic activity under water deprivation [51] . It is therefore possible to indicate the changes in GDH expression and activity as a biochemical marker for the rapid selection of durum wheat drought-tolerant genotypes.
Conclusions
In conclusion, osmotic stress imposed by Polyethylene Glycol 6000 (PEG) was able to limit the growth of durum wheat plants, by leading to a set of changes in genes expressions and enzymatic activities, thus conferring a differential performance among genotypes. This study suggests the involvement of GDH in a protective role toward osmotic stress and indicates this activity as a sensible trait involved in drought resistance in durum wheat.
Therefore, a deeper understanding of tolerance mechanisms implying GDH expression, occurrence, activity and related metabolism such as NH 4 + detoxification and proline synthesis is desirable in further studies.
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